Synchronization of neuronal firing is a hallmark of several neurological diseases. Recently, stimulation techniques have been developed which make it possible to desynchronize oscillatory neuronal activity in a mild and effective way, without suppressing the neurons' firing. As yet, these techniques are being used to establish demand-controlled deep brain stimulation (DBS) techniques for the therapy of movement disorders like severe Parkinson's disease or essential tremor. We here present a first conceptualization suggesting that the nucleus accumbens is a promising target for the standard, that is, permanent high-frequency, DBS in patients with severe and chronic obsessive-compulsive disorder (OCD). In addition, we explain how demand-controlled DBS techniques may be applied to the therapy of OCD in those cases that are refractory to behavioral therapies and pharmacological treatment.
INTRODUCTION
Obsessive-compulsive disorder (OCD) is a common chronic and disabling psychiatric disorder, which severely impairs personal, social, and professional life. Patients with OCD suffer from recurrent obsessions and uncontrolled compulsions like repetitive behavioral or mental acts occurring in response to an obsession (Goodman, 1999) . Often OCD occurs together with depressive and other anxiety disorders. Positron emission tomography studies revealed hypermetabolism in the orbitofrontal cortex, caudate nucleus, and, sometimes, anterior cingulate cortex in patients with OCD (Saxena and Rauch, 2000) . The main pathophysiological finding appears to be an abnormality in serotonin transmission (Micallef and Blin, 2001) . Correspondingly, potent serotonin reuptake inhibitors are the pharmacotherapy of choice for OCD (Greist and Jefferson, 1998; Goodman, 1999; Micallef and Blin, 2001) . If one psychopharmacological treatment turns out to be ineffective, it may be beneficial to switch to a different prescription and, additionally, to use proserotonergic and nonserotonergic medication (Greist and Jefferson, 1998; Goodman, 1999; Micallef and Blin, 2001) . Besides drug therapy, behavioral therapy is the first choice of psychiatric intervention.
OCD is notorious for both its chronicity and its intractability. In severe, treatment-refractory OCD, the efficacy of neurosurgical procedures (cingulotomy, limbic leucotomy, and subcaudate tractotomy) is only modest (Jenike, 1998; Rauch et al, 2001) . Some convincing results have been obtained with bilateral anterior capsulotomy (Meyerson, 1998; Lippitz et al, 1999) .
Electrical deep brain stimulation (DBS) at high frequencies has a blocking effect on the stimulated target area and mimics the effect of tissue lesioning (Benabid et al, 1991; Blond et al, 1992) (Figure 1 ). DBS is reversible and has a much lower rate of side effects than lesioning with thermocoagulation (Schuurman et al, 2000) . Thus, Nuttin et al (1999) used bilateral DBS of the anterior limb of the internal capsule instead of lesoning for the treatment of refractory severe OCD. A significant improvement of symptoms could be achieved in four patients, but unusually high stimulation amplitudes had to be used, which led to a high energy consumption. In order to improve the efficacy of DBS and to reduce the energy consumption, we propose two strategies:
1. Based on clinical observations as well as anatomical and pathophysiological considerations, the nucleus accumben is suggested as the primary target for DBS in OCD.
2. Based on modern techniques from statistical physics, in particular, stochastic phase resetting (Tass, 1999) , demand-controlled stimulation techniques have been developed, which enable an effective and mild desynchronization of synchronized oscillatory activity (Tass, 1999 (Tass, , 2001a (Tass, , b, 2002a . As yet, these techniques have been used to design demand-controlled DBS techniques for the therapy of movement disorders like severe Parkinson's disease (PD) or essential tremor (Tass, 1999 (Tass, , 2001c (Tass, , 2002b . We here explain how to apply these methods to the treatment of OCD.
TARGET SELECTION AND PRELIMINARY RESULTS
The extensive experience of the Karolinska group as well as the group of VS with observations in a limited number of patients with thermolesioning of the anterior limbs of the internal capsule seems to stress the importance of the ventro-caudal part of the anterior limb of the internal capsule as target for successful treatment of OCD (Meyerson, 1998) . Similar findings have been reported by Rasmussen and Greenberg (personal communication) for gamma knife capsulotomy. The ventral part of the anterior limb of the internal capsule is immediately adjacent to the nucleus accumbens, which has a central position between limbic structures, especially the amygdala, the basal ganglia, the DM thalamus, and the orbito-frontal region, into which it extends rostrally. All these structures seem to be important for the development of anxiety and OC symptoms. Thermocoagulations of the internal capsule frequently encroach into the nucleus accumbens. These considerations prompted one of us (VS) to modify the electrode track for DBS of the anterior limb of the internal capsule in a way that permitted stimulation of the ventral part of the anterior limb of the internal capsule as well as the nucleus accumbens and the rostro-caudal part of the bed nucleus of the stria terminalis, which receives strong inputs from central amygdala and projects to the rostrally and ventrally adjacent nucleus accumbens (Figure 2 ). The arrangement of the leads of the used electrodes (Medtronic, Minneapolis) allowed to reach these targets with one electrode and to stimulate selectively the respective structures (Figure 3) .
Unilateral DBS of the right nucleus accumbens and the rostro-ventral edge of the bed nucleus of the stria terminalis with permanent pulse-train stimulation, that is square wave impulses of 90 ms impulse duration, 130 Hz and amplitudes between 2 and 4 V, was applied to three patients with OCD (ICD-10 classification F42.2 'Mixed obsessional thoughts and acts') who were therapy resistant after long-term psychopharmacological and behavior therapy since many years. Therapy resistance was defined according to international standards. DBS clearly attenuated OCD symptoms in two of three patients with follow-up periods of 15-18 months. In the third patient no beneficial effect could be achieved. A recently performed MRI investigation revealed a displacement of the electrode in the caudo-ventral direction and missing of the target area, which could explain the therapeutic failure. The results will be published in detail elsewhere.
DEMAND-CONTROLLED DBS
In several neurological diseases such as PD or essential tremor, brain function is severely impaired by pathological synchronization of neuronal firing. Parkinsonian resting tremor appears to be caused by a cluster of neurons located in the thalamus and the basal ganglia, which fire synchronously at a frequency similar to that of the tremor (Llinàs and Jahnsen, 1982; Pare et al, 1990; Lenz et al, 1994) . In contrast, under physiological conditions these neurons fire incoherently (Nini et al, 1995) . In patients with PD this cluster acts like a pacemaker and activates premotor cortex, supplementary motor area, and the motor cortex (Alberts et al, 1969; Lamarre et al, 1971; Bergman et al, 1994; Nini et al, 1995; Volkmann et al, 1996) , where the latter synchronize their oscillatory activity (Tass et al, 1998) . In patients with advanced PD or with essential tremor who do not respond to drug therapy any more, depth electrodes are chronically implanted in target areas like the thalamic ventralis intermedius nucleus or the subthalamic nucleus (Benabid et al, 1991 (Benabid et al, , 2000 Blond et al, 1992; Volkmann and Sturm, 1998) . DBS at high frequencies suppresses the neuronal activity of the pacemaker-like cluster which, in turn, suppresses the peripheral tremor (Benabid et al, 1991; Blond et al, 1992) . For this, a permanent high-frequency (4100 Hz) periodic pulse train is permanently administered via the depth electrode.
Clinical observations of subthalamic nucleus stimulation for the treatment of PD have indicated a potential for modulating emotional behavior and even a risk for developing depression or anxiety disorders in some patients. Chronic subthalamic nucleus stimulation, however, selectively enhanced affective processing and subjective well-being and seems to be antidepressive (Schneider et al, 2002) . More positive self-reported mood and an enhanced mood induction effect as well as improvement in emotional memory during stimulation were observed. However, cognitive performance was not affected by the different conditions and treatments.
High-frequency DBS has been developed empirically, mainly based on observations during stereotactic surgery (Benabid et al, 1991; Blond et al, 1992) . The mechanism by which DBS at high frequencies suppresses pathological rhythmic activity has not yet been clarified in detail. The permanent high-frequency stimulation basically mimics the effect of tissue lesioning by suppressing neuronal firing (Benabid et al, 1991 (Benabid et al, , 2000 Blond et al, 1992; Wielepp et al, 2001) . However, permanent high-frequency stimulation is an unphysiological input that may cause an adaptation of the stimulated neuronal networks. This may be one of the reasons why in a number of patients the stimulation amplitude has to be increased in the cause of the treatment in order to maintain a therapeutic effect. As a consequence of the increased stimulation strength, neighboring areas may be affected because of current spread, which leads to severe side effects like dysarthria, dysesthesia, and cerebellar ataxia.
Demand-controlled DBS techniques have been designed based on a stochastic phase-resetting theory (Tass, 1999) and are just being tested in patients during neurosurgery. The stochastic phase-resetting theory explains how stimuli affect synchronization and desynchronization processes in networks of oscillators, such as rhythmically firing or bursting neurons, in the presence of noise. The stochastic phase-resetting approach was developed with methods from statistical physics (Kuramoto, 1984) and synergetics (Haken, 1983) . In this way, it became possible to extend the concept of phase resetting (Winfree, 1980; Glass and Mackey, 1988) to networks of oscillators subject to random forces. Taking into account the noise turned out to be essential for the design of stimulation techniques as well as data analysis tools necessary for their calibration (Tass, 1999) . The two main features of the novel demandcontrolled DBS techniques are: (a) minimization of the current used for stimulation and (b) desynchronization of synchronized neuronal activity instead of simply suppressing neuronal firing. Put otherwise, the novel DBS techniques aim at a desynchronization on demand in order to maintain an uncorrelated firing in a neuronal population that tends to fire synchronously.
Desynchronization of a fully synchronized neuronal population can be achieved with a single electrical pulse of the right intensity and duration provided the pulse hits the population in a vulnerable phase range that corresponds Figure 4 In a series of simulations, a population of neurons is stimulated with an identical single pulse (indicated by a bar), which is administered at different initial phases of the collective oscillation, where the initial phase is varied in equidistant steps within one cycle. The time course of the firing density is plotted, where the firing density is a quantity corresponding to the probability with which the population of neurons fires. The single pulse has to hit the population at a vulnerable phase in order to cause a transient desynchronization of the population. The resynchronization occurs due to the strongly synchronizing neuronal interactions within the population. Simulation taken from Tass (1999) .
to only a small fraction (5% or even less) of a period of the oscillation (Tass, 1999) (Figure 4 ). Of course, this is tricky to be realized under noisy experimental conditions typically encountered in the brain. Furthermore, the right stimulation parameters (ie intensity, duration, and vulnerable phase) necessary for an effective desynchronization also depend on the extent of the cluster's synchronization. To desynchronize a weakly synchronized cluster, a weaker pulse has to be used. For medical applications, it is preferable to use a stimulus that always causes a desynchronization, independent of the cluster's dynamical state. For this reason, composite stimulation techniques have been developed (Tass, 2001a (Tass, -c, 2002a . A composite stimulus consists of two qualitatively different stimuli: The first stimulus controls the cluster's dynamics by resetting (ie restarting) it. After the first stimulus, the cluster restarts in a stereotyped manner. The second stimulus is administered with a fixed delay after the first stimulus. Owing to the stereotyped reset, the second pulse hits the cluster in a vulnerable state, in this way causing a desynchronization ( Figure 5 ).
The first stimulus of a composite stimulus is either a strong single pulse (Tass, 2001a, c) or a high-frequency pulse train (with a frequency that exceeds the cluster's natural frequency by a factor of 20 or more) (Tass, 2001b) (Figure 6a,b) . For example, in the case of PD, the resetting high-frequency pulse train would be a short epoch of highfrequency (4100 Hz) stimulation. The minimal length of this epoch necessary to achieve a reset has to be calibrated (Tass, 2001b (Tass, , 2002b . The strong first stimulus causes a hard reset (ie abrupt reset) during which the collective oscillation runs through less than one cycle. A hard reset requires that the stimulus strongly affects the stimulated neuronal population without causing any damage to the tissue. Alternatively, in patients who do not tolerate strong stimuli, a different strategy can be pursued by using a first stimulus that causes a soft reset (ie slow reset, Figure 6c) (Tass, 2002a, b) . A soft reset is realized with a low-frequency pulse train, where pulses are periodically administered at a rate similar to the natural frequency of the neuronal population. During a soft reset the collective oscillation is not quickly stopped. Rather by entraining the cluster to the lowfrequency stimulation, the influence of the initial dynamic state at the beginning of the stimulation fades away while the collective oscillation runs through several cycles. This is done to control the cluster's dynamics, so that the second stimulus, a single pulse that follows after a constant time delay, desynchronizes the cluster by hitting it in a vulnerable state. A soft reset has already been studied by Hassler et al (1960) . They observed that a periodic deep brain electrical stimulation of the pallidum at rates similar to the peripheral tremor frequency caused an entrainment of the peripheral tremor. However, a desynchronizing stimulation has not yet been applied.
Since a combined stimulus desynchronizes a cluster independent of the initial dynamical state at which it is administered, it can be used to block the cluster's resynchronization. To this end a combined stimulus has to be administered repeatedly, whenever the cluster becomes synchronized again (Figure 6 ). The goal of this stimulation mode is to avoid a pathological synchronization and to maintain an uncorrelated firing. A detailed comparison of the different demand-controlled stimulation techniques based on stochastic phase resetting together with Figure 5 In a series of simulations the same population of neurons as in Figure 4 is stimulated with an identical double pulse (indicated by two bars) administered at different initial phases of the collective oscillation. The first, stronger pulse of the double pulse (left bar) resets the collective rhythm. The second, weaker pulse (right bar) follows with a constant delay and hits the population in a vulnerable state. The reset guarantees the phase-independent, effective desynchronization. Simulations taken from (Tass, 2001c) .
their calibration procedures was presented elsewhere (Tass, 2002b) .
DISCUSSION
The significant improvement of formerly treatment refractory severe OC-and anxiety symptoms obtained with unilateral high-frequency stimulation of the right nucleus accumbens and the rostro-caudal part of the bed nucleus of the stria terminalis seem to indicate a major role of the nucleus accumbens as a central relay structure between amygdala, the basal ganglia, the DM thalamus, and the orbito-frontal cortex. The amygdaloid complex is well known to be decisive for negative emotions like sadness, anxiety, and fear reactions, and characteristic dysfunctions in psychiatric patients have been described (Schneider et al, 1996 (Schneider et al, , 1997 Davis, 2000) . The main mentioned projection areas of the nucleus accumbens, mainly the basal ganglia and the orbitofrontal cortex, are thought to be morphological substrates of OCD (Saxena and Rauch, 2000) .
The importance of the nucleus accumbens is further stressed by the reports of beneficial effects of subcaudate tractotomy on OCD, anxiety disorders, and depression (Knight, 1969) , a bilateral procedure that would interrupt parts of the nucleus accumbens. The finding that, different from the classical bilateral anterior capsulotomy and DBS of the internal capsule in OCD (Meyerson, 1998; Nuttin et al, 1999) , right-sided DBS of the nucleus accumbens was sufficient to achieve significant clinical improvement is supported by Lippitz et al (1999) who found right-sided thermo-lesions in the middle part of the anterior limb of the internal capsule to be decisive for a good therapeutic outcome.
The fact that much lower current amplitudes had been sufficient in our two successfully treated patients than in the series on bilateral stimulation of the anterior limb reported by Nuttin et al (1999) as well as the negative results in our third patient, in whom the target area was missed, points to the importance of our chosen target structures in the genesis of OCD and anxiety disorders.
Based on the theoretical studies reviewed in the section 'Demand-controlled deep brain stimulation', we suggest demand-controlled DBS as a possible therapy of severe OCD-patients who are refractory to behavioral therapies and pharmacological treatment and, thus, severely disabled. Demand-controlled DBS can be applied on condition that (a) pathologically strong synchronization within a neuronal population is relevant for the emergence of OC symptoms and (b) it is possible to register the neuronal activity of this particular area, for example, with a depth electrode or an epicortical electrode. This area does not need to be identical Figure 6 Resynchronization is blocked by an intermittent, demand-controlled stimulation. To this end the same stimulus is administered whenever the extent of synchronization (ie the amplitude of the collective firing) exceeds a critical value. Effectively desynchronizing stimuli consist of two qualitatively different stimuli: a first, stronger stimulus followed by a second, weaker stimulus after a constant delay. The first stimulus resets the collective oscillation and may either be a strong pulse (a), a high-frequency (4100 Hz) pulse train (b) or a low-frequency pulse train with a pulse rate in the range of the population's frequency (c). A strong pulse as well as a high-frequency pulse train cause a hard reset, where the collective oscillation is abruptly stopped (a,b). In contrast, during a low-frequency reset (c) the collective oscillation gets entrained, ie the population adapts the rhythm of the periodic sequence of pulses. The second stimulus is a desynchronizing pulse which acts as shown in Figure 4 . In (a) and (b) begin and end of the stimuli are indicated by vertical lines connected by a short bar (at the top). In (c) begin and end of a composite stimulus are indicated by vertical lines; each single pulse corresponds to a short bar (at the top). Simulations taken from (Tass, 2001c (Tass, , 2002b .
with the target area where the electrode is located. It might also be an area that is closely connected to the target area. For example, a depth electrode used for stimulation might be located in the nucleus accumbens, whereas an epicortical electrode used for measuring the feedback signal might be placed over an area of the orbito-frontal cortex. To test whether conditions (a) and (b) are fulfilled, depth recordings as well as EEG measurements have to be performed, for example, during neurosurgery in patients with OCD.
If pathological synchronization is relevant in OCD, demand-controlled DBS should be applied as sketched in Figure 6 . The electrical activity measured with a depth electrode or an epicortical electrode serves as feedback signal. Whenever the amplitude of the feedback signal in the relevant frequency band exceeds a critical value, a desynchronizing stimulus is administered to avoid pathological synchronization and to maintain an uncorrelated firing. This might enable to perform a milder DBS therapy in patients suffering from OCD.
